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Edited by Peter BrzezinskiAbstract Archaeal phototaxis is mediated by sensory rhodop-
sins which form complexes with their cognate transducers.
Whereas the receptors sensory rhodopsin I and sensory rhodop-
sin II (SRII) have been expressed in Escherichia coli (E. coli)
only shortened fragments of HtrII from Natronomonas pharao-
nis (NpHtrII) are available. Here we describe the heterologous
expression of full length NpHtrII which was achieved in yields
of up to 0.9 mg per litre cell culture. Gel ﬁltration analysis re-
veals the tendency of the transducer to form dimers and high-
er-order oligomers which was also observed when complexed to
NpSRII. A circular dichroism (CD) spectrum of NpHtrII is
comparable to those obtained for the E. coli chemoreceptors indi-
cating a similar folding with predominantly a-helical structure.
NpHtrII dissociates from the NpSRII/HtrII complex with an
apparent KD of about 0.6 lM. Photocycle kinetics of the com-
plex is comparable to that obtained for NpSRII in complex with
a truncated transducer with slight diﬀerences in the M-decay.
The data indicate that the heterologously expressed NpHtrII
adopt a native like structure, providing the means for elucidating
transmembrane signal transduction and activation of microbial
signalling cascades.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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In archaea like Halobacterium salinarum or Natronomonas
pharaonis, phototaxis is mediated by two sensory rhodopsins,Abbreviations: SRI, sensory rhodopsin I; SRII, sensory rhodopsin II;
E. coli, Escherichia coli; HtrI, halobacterial transducer of rhodopsin I;
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pharaonis; TM1,2, transmembrane helix 1,2; HAMP, histidinekinase,
adenylate cyclase, methyl accepting protein, phosphatase; Tar, aspar-
tate-receptor; Tsr, serine-receptor; Hs, Halobacterium salinarum
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doi:10.1016/j.febslet.2007.03.005SRI and SRII (or phoborhodopsin) in complex with their cog-
nate transducer proteins HtrI and HtrII. Both receptors belong
to a family of seven-helix transmembrane proteins which also
includes the two ion-pumps, bacteriorhodopsin (BR) and halo-
rhodopsin (HR) [1,2]. The interplay of the two receptors en-
ables the bacteria to seek optimal light conditions for the
functioning of ion pumps while avoiding harmful blue light
and photo-oxidative stress [3].
The receptor/transducer complexes exhibit a 2:2 stoichiome-
try [4,5] with an Htr dimer ﬂanked by two SR molecules. The
transducer proteins consist of two a-helical (TM1,2) trans-
membrane and a coiled/coil cytoplasmic signalling domain.
These two parts are connected by a linker region comprising
two HAMP (histidinekinase, adenylate cyclase, methyl accept-
ing protein, phosphatase) domains, a sequence that has been
identiﬁed bioinformatically in a large number of transmem-
brane proteins which are ubiquitously distributed in all king-
doms of life [1,2,6–8]. A sequence alignment of transducers
from various origins with those of chemoreceptors of enteric
bacteria like the aspartate-receptor (Tar) or serine-receptor
(Tsr) from Escherichia coli revealed considerable homology
of the cytoplasmic domain [9,10] which suggests similar reac-
tion mechanisms for signal transduction.
Photoexcitation of the sensory rhodopsins leads to an acti-
vation of the corresponding transducer by conformational
changes of the receptor [5]. This results in a rotational motion
of TM2 of the transducer molecule. This small movement is
then relayed in an unknown mechanism via the HAMP do-
mains and the signalling domain to the cytoplasmic tip of
the transducer where the activity of the histidine-kinase CheA,
a member of a two component signal transduction cascade is
modulated [11]. CheA, is bound to the transducer via the adap-
tor protein CheW and on activation transfers its phosphate to
the response regulators CheY or CheB. These latter proteins
are involved in modulation of the swimming behaviour and
adaptation to constant stimuli, respectively.
Transducer proteins in contrast to chemoreceptors have not
yet been puriﬁed in full length due to the fact that the full-
length transducer was not available by heterologous expres-
sion. However, studying their functional properties require
their puriﬁcation under native conditions. Previous publica-
tions indicate that heterologous expression of functional halo-
philic enzymes in E. coli are possible [12–14].
In this study, we demonstrate the expression of full-length
HtrII from N. pharaonis (NpHtrII) in E. coli. The puriﬁedblished by Elsevier B.V. All rights reserved.
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chemoreceptors. NpHtrII binds to NpSRII with an association
constant lower than that of the shortened transducer frag-
ments and a stoichiometry of 0.5:1 (NpHtrII:NpSRII). The re-
sults indicate a native like structure of NpHtrII heterologously
expressed in E. coli.2. Materials and methods
2.1. Plasmids and strains
E. coli XL1 blue has been used for cloning and Rosetta (DE3) strain
(Novagen) for gene expression. The gene htrII was ampliﬁed by PCR
from the plasmid pRPS1 [9] containing the N. pharaonis sopII and htrII
genes initially isolated from N. pharaonis strain SP1/28 (HR+, sR-II+,
Car+) [15]. The 5 0-primer introduced an NcoI site including the start
codon. Downstream the htrII gene a 9-bp linker including an EcoRI
site and a coding region for 7 histidines followed by two stop codons
and a HindIII site was introduced. The NcoI/HindIII PCR fragment
was cloned into pET27bmod [16]. Positive clones were identiﬁed by
restriction analysis and the gene sequence was conﬁrmed by DNA
sequencing.
2.2. Protein expression and puriﬁcation
NpHtrII-His was expressed in E. coliRosetta essentially as described
[12,13]. Transformed E. coli Rosetta (DE3) cells were grown in LB
medium containing 50 mg/L kanamycin at 37 C. The overexpression
of the protein was induced by using isopropyl-b-D-thiogalactopyrano-
sid (IPTG). Cells were harvested by centrifugation (10000 · g) and
resuspended in 300 mM NaCl, 50 mM NaPi (pH 8.0), 2 mM EDTA
buﬀer containing a protease inhibitor mix (Roche). Cell disruption
was performed in a microﬂuidizer (Microﬂuidics Corporation, New-
ton, MA). Membranes were sedimented at 100000 · g for 1.5 h at
4 C and solubilized in buﬀer A (2% (w/v) n-dodecyl-b-D-malto-
side (DDM) (Calbiochem), 300 mM NaCl, 50 mM NaPi, pH 8.0) for
16 h at 4 C. After centrifugation of the solubilized membranes
(100000 · g, 1.5 h, 4 C) the supernatant was treated with Ni-NTA
superﬂow (Qiagen, Hilden, Germany), pre-equlibrated with buﬀer B
(300 mM NaCl, 50 mM NaPi, pH 8.0, 0.05% DDM) for 1 h at 4 C
while slowly shaking the vessel. The loaded resin was ﬁlled onto a chro-
matography column and washed extensively with buﬀer C (buﬀer B
plus 30 mM imidazole). Puriﬁed NpHtrII-His was then eluted from
the column with buﬀer D (buﬀer B plus 200 mM imidazole). Imidazole
was removed from these fractions by dialysis against buﬀer M
(150 mMNaCl, 10 mM Tris, pH 8.0, 0.05% DDM). Protein concentra-
tions were determined from the absorption at 280 nm (extinction coef-
ﬁcient: 0.077 (ProtParam)). The puriﬁed transducer is stable in
solution at a concentration of up to 0.5–0.7 mg/ml at 4 C for several
days, but precipitates at higher concentrations. For long time storage
samples have to be ﬂash frozen and stored at 80 C.
2.3. SDS–PAGE and Western blot analysis
SDS-gelelectrophoresis was carried out as described [17]. Twelve
percent separating gel were either stained with Coomassie brilliant blue
R250 or used to transfer the proteins onto a PVDF membrane
(Macherey-Nagel) for Western Blot analysis. For immuno-staining a
monoclonal anti-polyhistidine antibody (Sigma) together with a sec-
ondary anti-mouse antibody was used. The chemiluminescence reac-
tion was carried out by using a Western Blot Kit (Roche).Fig. 1. Puriﬁcation of NpHtrII-His via Ni-NTA. (a) SDS–PAGE: lane
1: solubilized membrane fraction; lane 2: column ﬂow-through; lane 3:
wash step; lane 4: elution step; lane 5: molecular weight marker (in
kDa). (b) Western blot analysis of the corresponding Gel using an anti-
polyhistidine antibody.2.4. Size exclusion chromatography
NpHtrII or the complex with the receptor protein NpSRII (1:1 stoi-
chiometry) was applied to a Superdex 200 10/300 GL gel ﬁltration col-
umn (Amersham) equilibrated at room temperature with buﬀer M. The
column was eluted at a ﬂow rate of 0.5 ml/min. Elution proﬁle was
monitored by recording the absorption at 280 nm and 500 nm. The
markers used were LMW and HMW-Kit from Amersham which in-
cluded the following proteins (numbers in parenthesis represent molec-
ular weights (kDa) and Stokes radii (nm), respectively): thyroglubulin
(669, 8.5), ferritin (440, 6.1), catalase (232, 5.2), aldolase (158, 4.8), bo-
vine serum albumin (67, 3.6), ovalbumin (43, 3.1), chymotrypsinogen
A (25, 2.1) and ribonuclease A (13.7, 1.6).2.5. Circular dichroism (CD) spectroscopy
CD-spectra were recorded on a J-715 spectropolarimeter from Jasco
(Tokyo, Japan) at room temperature. Two buﬀers were used for the
measurements (25 mM NaPi, pH 8.0, 0.05% DDM/25 mM NaPi, pH
8.0, 1 M NaF, 0.05% DDM). NaF was used instead of NaCl because
of the better spectroscopic properties at wavelengths below 220 nm.
The data were collected between 260 nm and 190 nm with a 1 nm band
width. The CD-spectra were averaged from 10 or 20 scans. Baseline
correction was done by scanning buﬀer without sample. The results
were converted into molar ellipticity ([H]mrw/103 deg* cm
3/dmol)
using the program ‘‘Spectra Manager’’ Version 1.53 (Jasco). Predic-
tions of secondary structure were made by using the algorithms
CCA [18], CONTIN/LL and CDSSTR via the program package
CDPro [19] with a reference set of 56 proteins, including 13 membrane
proteins (SMP56, references for this set can be found on the CDPro
website: http://lamar.colostate.edu/~sreeram/CDPro/main.html).
2.6. Laser ﬂash photolysis
The laser ﬂash photolysis setup was essentially identical to that de-
scribed previously [20]. The transient absorption changes were re-
corded at 400 nm, 500 nm and 540/550 nm wavelength. The samples
were buﬀered in 10 mM Tris (pH 8.0) containing either 150 mM or
4 M NaCl. Solubilized samples (0.05% DDM) were reconstituted into
purple membrane lipids as described in Wegener et al. [5].
2.7. Isothermal titration calorimetry
The ITC measurements were performed basically as described previ-
ously [21] using an AVP-ITC MicroCalorimeter (MicroCal, USA).
Concentrated NpSRII (200–76 lM) and NpHtrII (39–13 lM) samples
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10 mM Tris (pH 8.0), 0.05% DDM). NpSRII (250 ll) was titrated to
NpHtrII (1.4 ml) in 5 or 20 ll steps (interval time 4 and 7 min, respec-
tively). The titrations were carried out at 45 C. In control experiments
either buﬀer was titrated into NpHtrII or NpSRII into buﬀer. Data are
evaluated employing the software package Origin-ITC.3. Results and discussion
Puriﬁcation of NpHtrII: The expressed NpHtrII was puriﬁed
by a one-step protocol utilizing Ni-NTA-chromatography
(Fig. 1a). The puriﬁed transducer has an apparent molecular
mass of around 80 kDa, migrating slower than expected for
a calculated molecular weight of 57.91 kDa. A similar property
was reported for archaebacterial transducer HsHtrI [22] in
contrast to chemoreceptors Tar [23] and Trg [24] which show
a band at the position of their calculated molecular mass atFig. 2. Size exclusion chromatogram (Superdex 200 10/300 GL) of solub
monitored at 280 nm. The exclusion volume is observed at a retention time
marker proteins (see Section 2). (b): NpHtrII complexed with the receptor.60 kDa. Fig. 1b shows a Western blot analysis of the above
gel conﬁrming the identity of the 80 kDa band as the His-
tagged transducer protein. The yield of NpHtrII was calcu-
lated from the optical density at 280 nm to be 0.6–0.9 mg/L
of cell culture. It should be noted that NpHtrII was also de-
tected in the cytoplasmic fraction. However, puriﬁcation and
folding into detergents did not result in an active protein as
judged from ITC measurements (data not shown).
Characterisation of the oligomeric state of NpHtrII and
NpHtrII/NpSRII: In order to characterize possible oligomeric
states of the transducer molecule and its complex with NpSRII
size exclusion chromatography (Superdex 200 10/300 GL) was
performed. Fig. 2a depicts the chromatogram of NpHtrII
revealing several major peaks corresponding to estimated
molecular weights (·103) of about 1100, 600, 280, 100, and
60. All fractions show a single band on an SDS–PAGE which
represents monomeric NpHtrII (data not shown). Using gelilized NpHtrII-His and complexed to NpSRII. The absorbance was
of 16.5 min (1.3 MDa). (a) NpHtrII. The arrowheads represent the
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weights to determine oligomerization of a given protein. Tak-
ing the Stokes radius of 5.6 nm (corresponding molecular mass
248 kDa) for the octylglucoside (OG)-solubilized chemorecep-
tor dimer E. coli (Tar) [23] as a reference, the fraction eluting
around 280 kDa with an estimated Stokes radius of 6.0 nm can
be assigned to a NpHtrII homodimer. This value is slightly lar-
ger than that determined for Tar, however one has to keep in
mind that diﬀerent detergents were used. Whereas DDM, used
in this study, has an average micellar size of about 50 kDa
[25] OG forms smaller micelles of 25 kDa. The smaller spe-
cies (at 100 and 60 kDa, see Fig. 2a) must therefore correspond
to monomeric NpHtrII, one of which could be the native form,
the other one denatured conformers. The fraction eluting at
larger elution volumes than the dimer must represent higher
oligomers or aggregates. Considering the proposed circular
arrangement of chemoreceptors [26,27] consisting of trimers
of dimers the 7.1 nm (600 kDa) species might also represent
such a protein unit.Fig. 3. Circular dichroic spectra of solubilized NpHtrII (a) and the solubili
NaF (black). NaF was used instead of NaCl because of its transparency atThe chromatogram changes if the receptor protein NpSRII
is added to the transducer in a 1:1 stoichiometry (Fig. 2b).
NpSRII is detected in all fractions (500 nm trace) except for
the small peak at 60 kDa. The amount of transducer dimer
(280 kDa) is reduced concomitant with a shift of the elution
volume of the 600 kDa fraction to 620 kDa. This data is in line
with an interpretation that NpSRII binds to the dimer to form
higher oligomeric states. Nevertheless, a signiﬁcant fraction of
NpSRII, comprising the species at 110 and 180 kDa as judged
by the comparison with the chromatogram of NpSRII alone
(data not shown), is observed not to bind to NpHtrII.
Circular dichroism spectroscopy: The CD-spectra of the
DDM-solubilized transducer either in salt free buﬀer or in
the presence of 1 M NaF are shown in Fig. 3a. In the absence
of salt the CD-spectrum resembles mainly an a-helical spec-
trum with a maximum at short wavelengths and two minima
(207 and 222 nm) at longer wavelengths. Estimation of the sec-
ondary structure fractions from the CD-data revealed an a-
helical content of about 30%. Upon increasing the ioniczed complex NpHtrII/NpSRII (b) at c = 0 M NaF (gray) and c = 1 M
low wavelength.
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50%. Notably, the CD-spectra of the transducer at higher ionic
strength resemble that obtained for the aspartate [23] and for
the serine chemoreceptor [24] of E. coli, indicating similar
structural features.
Fig. 3b presents the corresponding measurements for the
NpHtrII/NpSRII complex (1:1 stoichiometry). As expected
from the presence of the receptor protein, the helical fraction
is further increased (44% without salt). The eﬀect of ionic
strength is less expressed but still observable (5% increase at
1 M NaF). Remarkably, the data recently obtained for the
cytoplasmic domain of NpHtrII [28] show great similarities
to our data, especially concerning the dependency of the
CD-spectra on the environmental salt concentration.
Laser ﬂash-photolysis of the NpSRII/NpHtrII complex: Laser
ﬂash-photolysis was performed to investigate the inﬂuence of
transducer binding on the photocycle kinetics of NpSRII inFig. 4. Laser ﬂash photolysis of the NpHrII/NpSRII complex. Transient opt
for NpSRII (red traces), NpSRII/NpHtrII-157 (green) and NpSRII/NpHt
reconstituted lipids from purple membrane (Fig. 4b).the solubilized and reconstituted states (Fig. 4). The transient
absorption changes were measured at three diﬀerent wave-
lengths indicative for ground state depletion and formation
of NpSRII (500 nm) as well as formation and decay of M-
(400 nm) and O-intermediates (540/550 nm). Overall only
small changes are observed if compared to NpSRII (red trace)
and NpSRII in complex with a shortened transducer
(NpHtrII1–157, green trace). In the solubilized samples bind-
ing of the full-length transducer does not eﬀect the M-decay,
however reduces the transient amount of the O-intermediate.
NpHtrII1–157 aﬀects both the M-decay and the kinetics of
the O-intermediate. Generally, binding of the transducer to
NpSRII has a similar eﬀect as reconstitution of NpSRII into
lipids of purple membrane, an observation already made ear-
lier [29]. The major eﬀect is observed for the reconstituted sam-
ples. Whereas NpSRII and NpSRII/NpHtrII1–157 have quite
similar photocycles as also observed by Sudo et al. [30], theical absorption changes determined at 400 nm, 500 nm and 540/550 nm
rII (black). The samples were either DDM solubilized (Fig. 4a) or
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while leaving the turnover rate almost unperturbed. Due to the
heterogeneous nature of the sample this value probablyFig. 5. Isothermal titration of solubilized NpSRII titrated into
solubilized NpHtrII at 45 C in buﬀer containing 150 mM salt (a) or
4 M NaCl (b). The upper panels depict the base line corrected raw
data; the lower panel show heat changes calculated from the integral
value of the upper panel peaks. The sharp positive peaks (Fig. 5a)
indicating an endothermic process do not signiﬁcantly aﬀect the data
because of their small value. Due to signiﬁcantly decreased signal to
noise ratio at high salt concentration fourfold larger injection volumes
were used (b).represents a lower limit. Photocycle measurements on NpSRII
have indicated that the decay of M and the formation of the
original ground state are characterized by multiple fast equilib-
ria including the O-intermediate [20]. This part of the photocy-
cle, also involved in the deactivation of the signalling state
[31,32], seems to be inﬂuenced signiﬁcantly by the full-length
NpHtrII. This indicates a direct or indirect connection of
NpSRII with cytoplasmic regions of NpHtrII.
Isothermal titration calorimetry: Fig. 5 depicts the isothermal
titration of NpSRII into the sample cuvette containing
NpHtrII. The titration was done either at 150 mM NaCl
(Fig. 5a) or 4 M NaCl (Fig. 5b). Comparing the data (Table
1) one notices that the dissociation constant KD only shows
minor changes and is in the same range (102 nM range) as that
published for the NpHtrII1–157 [21,33]. The stoichiometry for
NpSRII is smaller than 1 for both salt concentrations indicat-
ing that a 2:2 complex is not formed entirely. This observation
is in line with both the data from gel-chromatography and
CD-spectroscopy which showed that a mixture of oligomeric
species are present and that the a-helical content of NpHtrII
is considerably lower than expected (50% versus 90%),
respectively. It is therefore probable that some of the peaks ob-
served by gel-ﬁltration correspond to denatured species not
able to bind NpSRII. Increasing the ionic strength leads to a
higher association constant (and a stoichiometry closer to
1:1) parallel with an increase of the helical content. Obviously,
physiological salt concentrations stabilize the native confor-
mation.
The thermodynamic data extracted from the titration exper-
iment has to be critically evaluated. ITC measurements pro-
vide information about enthalpic changes during a reaction.
However, if multiple processes occur during the titration
(e.g. dissolving of aggregates) it is not possible to separate
the eﬀects. Since the samples used in the titration experiments
are heterogeneous (see above) the enthalpy changes are not
necessarily due to the NpSRII/NpHtrII complex formation.
Interestingly, the enthalpic contribution to the binding energy
was decreased by a factor of four (DH = 5.0 kJ mol1 com-
pared to 22.0 kJ mol1) if the measurements were done
under high salt conditions indicating that in this case consider-
able contribution to DG originates in an increase of entropy
upon complex formation.4. Concluding remarks
With the development of a stable expression and puriﬁcation
protocol for the full-length transducer protein the possibility
arises to study signal transfer from the membrane domain to
the binding site of the histidine kinase CheA at the apex of
the cytoplasmic domain. However, the data also revealed that
solubilizing the transducer leads to a mixture of species not all
of them completely in their native form. In previous work it
has been shown that detergents inﬂuence the conformation
of a shortened transducer thereby altering the transducer-
receptor interaction [29]. In future it will be of importance to
ﬁnd conditions which stabilize the native structure of NpHtrII.
Reconstituted into membranes, the structure of NpHtrII seems
to resemble that of the transducer in its natural environment.
Reliable functional data from electron spin resonance should
therefore be obtained from lipid reconstituted samples. The
tendency of NpHtrII to form oligomers might relate to intrin-
Table 1
Thermodynamic parameters of the association of NpHtrII and NpHtrII157 to NpSRII
NpHtrII CNaCl (mM) n
a DH (kJ mol1) Kass (M
1 · 106) DG (kJ mol1) DS (J mol1 K1) KD (nM)
Full length 1150 0.52 22.0 1.7 37.6 49 654
4000 0.72 5.0 5.0 40.6 2112 207
157b 150 1.0 1–17.9 6.2 41.4 74 160
It should be noted that the stoichiometry for NpHtrII/NpSRII complex has to be critically evaluated since non active proteins have to be taken into
account.
aStoichiometry transducer:receptor = 1:n.
bData taken from Hippler-Mreyen et al. [21].
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for chemoreceptors. Our results provide evidence that like in
chemoreceptors ‘‘trimer of dimers’’ are formed even in the ab-
sence of the cognate receptor NpSRII. Also in the presence of
NpSRII an oligomer consisting of transducer and receptor
molecules is observed although the exact stoichiometry is un-
clear. Further studies using EPR- and ﬂuorescence spectros-
copy should clarify these questions.
The calorimetric experiments carried out in this study re-
vealed three major aspects concerning the receptor-transducer
interaction: (1) At low ionic strength (150 mM NaCl) the bind-
ing aﬃnity is fourfold lower than observed for the C-terminal
truncated transducer fragment NpHtrII157 used in previous
studies. (2) High ionic strength (4 M NaCl) leads to an in-
creased binding aﬃnity and (3) under these conditions the
enthalpic contribution to the free energy of complex formation
is considerably reduced. The ﬁrst point can be directly related
to the fact that NpHtrII157 is, most probably due to the ab-
sence of the cytoplasmic coiled-coil domain, monomeric in
solubilized form. A recent investigation on the eﬀects of solu-
bilization of the complex utilizing EPR spectroscopy [29], has
indeed shown that the membrane adjacent part of the trans-
ducer interacts with the receptor protein instead of being
involved in an interaction with its counterpart in the trans-
ducer dimer as observed in membrane reconstituted form [8].
Second and third, receptor/transducer binding is obviously
strongly dependent on the ionic strength of the surrounding
buﬀer. At salt concentrations reﬂecting the native environment
of the proteins, a higher binding aﬃnity with almost solely
entropic contribution to the free energy of binding is observed,
indicating that electrostatic interactions play a major role in
the events taking place upon protein–protein association. If
this model is conﬁrmed, the binding interface between NpSRII
and its cognate transducer might be much more complex than
previous crystallographic and EPR studies with shortened
transducer fragments revealed.
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